The endodermal pouches are a series of reiterated structures that segment the pharyngeal arches and help pattern the vertebrate face. Multiple pathways regulate the complex process of endodermal development, including the Bone morphogenetic protein (Bmp) pathway. However, the role of Bmp signaling in pouch morphogenesis is poorly understood. Using genetic and chemical inhibitor approaches, we show that pouch morphogenesis requires Bmp signaling from 10-18 h post-fertilization, immediately following gastrulation. Blocking Bmp signaling during this window results in morphological defects to the pouches and craniofacial skeleton. Using genetic chimeras we show that Bmp signals directly to the endoderm for proper morphogenesis. Time-lapse imaging and analysis of reporter transgenics show that Bmp signaling is necessary for pouch outpocketing via the Fibroblast growth factor (Fgf) pathway. Double loss-of-function analyses demonstrate that Bmp and Fgf signaling interact synergistically in craniofacial development. Collectively, our analyses shed light on the tissue and signaling interactions that regulate development of the vertebrate face.
INTRODUCTION
Formation of the adult body plan requires a diverse set of coordinated cellular behaviors and movements. These morphogenetic events shape and reshape the developing embryo as new cell types arise and diversify. Key to these events is a complex interplay between multiple cell and tissue types, requiring orchestration of many signaling pathways. An excellent system in which to explore how complex interactions shape tissues is the genesis of the vertebrate head.
In all vertebrates, cranial neural crest cells (CNCCs) give rise to the majority of the craniofacial skeleton (Gross and Hanken, 2008; Knight and Schilling, 2006) . CNCCs originate in the dorsal neural tube and migrate ventrally to populate the pharyngeal arches (Knight and Schilling, 2006) . The pharyngeal arches consist of a mesoderm core surrounded by CNCCs, wrapped by facial epithelia, the endoderm and ectoderm. The endoderm segments the pharyngeal arches into discrete, serial structures. Subsequently, the CNCCs in the pharyngeal arches undergo a series of morphogenetic movements to give rise to the various elements of the craniofacial skeleton (Yelick and Schilling, 2002) .
Proper craniofacial development relies on highly conserved signaling interactions between CNCCs and the facial epithelia (Chai and Maxson, 2006; Cobourne and Sharpe, 2003; Swartz et al., 2012) . Studies in mouse (Couly et al., 2002) , chicken (Graham et al., 2005) and zebrafish (Piotrowski and Nüsslein-Volhard, 2000; David et al., 2002) show a requirement for the endoderm in the patterning and morphogenesis of the craniofacial skeleton. This requirement can be both direct (Choe and Crump, 2014; Crump et al., 2004; Swartz et al., 2012) and indirect (Haworth et al., 2007; Balczerski et al., 2012) , with loss of endoderm disrupting craniofacial development. Furthermore, disruption of endoderm morphogenesis causes defects in viscerocranial development (Choe et al., 2013; Choe and Crump, 2014; Piotrowski and Nüsslein-Volhard, 2000) . Overall, these studies demonstrate that endoderm morphogenesis is essential for craniofacial development.
Multiple signaling pathways are implicated in endoderm morphogenesis. Morphogenesis of the endodermal pouches and their derivatives requires Sonic hedgehog signaling (Moore-Scott and Manley, 2005; Swartz et al., 2012) . Loss of raldh2 (aldh1a2) in mice and zebrafish disrupts pouch morphogenesis, potentially by disrupting Fgf signaling (Kopinke et al., 2006; Niederreither et al., 2003) . Mutation in tbx1 causes similar pouch defects by dysregulating Fgf and Wnt signaling (Choe and Crump, 2014) . Here, Fgfs, specifically Fgf8a and potentially Fgf3, act as guidance cues during pouch formation (Choe and Crump, 2014; Crump et al., 2004) .
There is evidence for the involvement of Bmp signaling in endoderm specification and patterning in mouse (Paca et al., 2012; Yamamoto et al., 2009 ) and zebrafish (Poulain et al., 2006; Tiso et al., 2002) . Definitive endoderm formation and morphogenesis, as well as migration of the anterior visceral endoderm, require Bmpr1a (Davis et al., 2004; Miura et al., 2010) . However, the mechanism by which deletion of Bmpr1a causes defects to endoderm morphogenesis is unknown.
Here, we use genetic and chemical inhibitor analyses in zebrafish to show that Bmp signaling to the endoderm is crucial for proper endoderm morphogenesis and subsequent craniofacial development. We observed active Bmp signaling in pre-pouch endoderm, and loss of Bmp signaling results in disrupted pouch morphogenesis. Using genetic chimeras we show that the endoderm requires the reception of Bmp signaling for morphogenesis. We find that Bmp and Fgf signaling synergistically interact, regulating proper pouch morphogenesis. Collectively, our results provide key insights into the genetic pathways regulating endoderm morphogenesis. putative hypomorphic allele of smad5, we have shown that reduced Bmp signaling causes viscerocranial defects similar to those observed in some endoderm mutants (Swartz et al., 2011; Choe and Crump, 2014) . Bmp signaling has been implicated in endoderm specification (Tiso et al., 2002) , which is crucial for proper formation of the craniofacial skeleton (Balczerski et al., 2012; Couly et al., 2002; David et al., 2002) . Data from a Bmp response element (BRE; derived from the X. laevis vent2 promoter) transgenic zebrafish line demonstrate that the endoderm receives Bmp signaling during pharyngeal arch development . However, this work used a stabilized form of EGFP, confounding the dynamics of Bmp signaling.
To characterize the temporal and spatial dynamics of Bmp signaling in the pharyngeal arches, we utilized a destabilized form of GFP driven by a BRE derived from the mouse Id1 promoter, BRE:d2GFP (Collery and Link, 2011) . Using double-transgenic embryos labeling the endoderm (sox17:dsRed) and Bmp-responsive cells (BRE:d2GFP) we found that the endoderm received canonical Bmp signaling as early as 14 hours post-fertilization (hpf) (Fig. 1A -A″, orthogonal views in Fig. 1E,F, arrows) . This response persists to 26 hpf, but only in the most posterior pre-pouches (Fig. 1B -D″, orthogonal views Fig. 1G -K, arrows). Once the pouch is fully formed, we no longer detect a BRE signal in these endodermal cells (Fig. 1C -D″, orthogonal views in Fig. 1I-K, arrowheads) . This lack of a BRE signal in formed pouches is observed until at least 40 hpf arrowheads) . Consistent with this endodermal Bmp response, the Bmp ligands bmp2b and bmp4 are expressed in developing pharyngeal tissues. Between 12 and 16 hpf, bmp2b is expressed anteriorly and then expands posteriorly by 18 hpf, whereas bmp4 is not expressed before 16 hpf ( Fig. S2A-H) .
Conversely, CNCCs labeled with sox10:mRFP do not show a BRE response before 18 hpf ( Fig. 1L -M″, orthogonal views in Fig. 1P ,Q, arrowheads). By 18 hpf, the first CNCCs migrating ventrally begin to exhibit a BRE response as they condense in the first pharyngeal arch (Fig. 1N -N″, orthogonal view in Fig. 1R , arrow). As subsequent arches form, the ventral-most CNCCs of each mature arch exhibit a strong BRE response (Fig. 1O -O″, orthogonal view in Fig. 1S, arrows) . The posterior-most pre-arch CNCC condensation lacks a BRE response (Fig. 1O-O″,  arrowhead) . The BRE response persists in mature CNCCs to at least 40 hpf (Fig. S1D-F, arrows ). These results demonstrate that the time window when the endoderm receives Bmp signaling is earlier than for the CNCCs. Additionally, this 'endoderm first, CNCC second' response occurs in an anterior-posterior pattern suggesting that it is a dynamic process that occurs as pharyngeal arch morphogenesis proceeds.
Early loss of Bmp signaling results in viscerocranial defects
To precisely block Bmp signaling during defined time intervals, we utilized the small chemical inhibitor Dorsomorphin, which inhibits Bmp type I receptor phosphorylation of Smad1/5/8 (Yu et al., 2008) . Our dose-response curve showed that 10 µM is the lowest effective dose to disrupt craniofacial development (data not shown).
To determine the role of the Bmp pathway in craniofacial development, we blocked Bmp signaling at times when the endoderm is Bmp responsive, from 10-18 hpf. Blocking Bmp signaling from 10-18 hpf greatly reduces the BRE response at 18 hpf ( Fig. S3A -C, compared with Fig. 1C -C″) resulting in severe, highly variable defects to the viscerocranium (Fig. 2B ). These defects ranged from skeletal elements that were smaller and misshapen (Fig. 2B, see palatoquadrate) , to the complete loss of pharyngeal cartilage structures, with Meckel's and ceratohyal (Fig. 2B , arrowheads) and ceratobranchial (Fig. 2B, asterisks) cartilages being most sensitive. The number of ceratobranchials per side of the embryo decreased from five in untreated embryos to fewer than two in Dorsomorphin-treated embryos (Table 1) . Similar defects were observed in hs:dnBmpr1a-GFP embryos heat shocked at 10 hpf (Fig. S4B) .
Because the BRE response is dynamic within the pharyngeal arches, we next determined if there were critical time points within this 10-18 hpf time window. The overall percentage of cartilage defects increased with the duration of Dorsomorphin exposure from 10 hpf, plateauing with a treatment window of 10-14 hpf (Fig. 2C , Table 1 ). Consistent with this finding, Dorsomorphin treatments that initiated at or following 14 hpf had substantially less impact on craniofacial development (Fig. 2D, Table 1 ). Hereafter, we use the term Dorsomorphin-treated embryos to represent embryos treated with Dorsomorphin from 10-18 hpf. Overall, this suggests that Bmp signaling from 10-18 hpf, when the endoderm is Bmp responsive, is crucial for normal craniofacial development.
Proper endoderm morphology requires Bmp signaling
Mutants with disrupted endoderm morphogenesis exhibit defects to the viscerocranium (Balczerski et al., 2012; Choe et al., 2013; Choe and Crump, 2014) that are reminiscent of the phenotypes in Dorsomorphin-treated embryos. To determine if Bmp signaling mediates endoderm development, we treated sox17:dsRed transgenic embryos with Dorsomorphin and imaged the pharyngeal arches at 36 hpf. Consistent with the normal skeletal phenotypes in control embryos, the pouches are clearly formed in a segmented fashion, nearly perpendicular to midline endodermal tissue, with the third pouch just medial to the second pouch [ Fig. 2E -E″ (E″ is rotated 45°into the plane of view)] (Swartz et al., 2012) . In Dorsomorphin-treated embryos, the anterior-most endoderm (anterior to the first pouch) appears reduced and malformed ( Fig. 2F -F″ compared with E-E″, asterisks). The pouches that are formed are hypoplastic and oriented parallel to midline endodermal tissue ( Fig. 2F -F″ compared with E-E″). Although pouches 1 and 2 are evident, the identity of pouches 3-6 is hard to define as these are either fused or lost ( Fig. 2F-F″) .
The condensation of CNCCs requires endoderm, and thus these profound endoderm defects could be accompanied by disruptions to the CNCCs. CNCC condensations appear normal in control embryos (Fig. 2G) . Consistent with the endoderm defects, blocking Bmp signaling results in severe defects to the distribution of CNCCs (Fig. 2H ). This result is consistent with an endoderm requirement for CNCC survival (David et al., 2002; Johnson et al., 2011) , which was confirmed by TUNEL staining (data not shown). Similar defects in endoderm and CNCC morphology were observed in hs:dnBmpr1a-GFP embryos heat shocked at 10 hpf ( Fig. S4D -D″,F), demonstrating specificity of the effect. These results demonstrate that Bmp signaling is crucial for CNCC and endoderm morphogenesis and that blocking Bmp signaling from 10-18 hpf disrupts overall pharyngeal arch morphology.
The endoderm must receive Bmp signaling for proper development
The BRE transgenic expression suggests that Bmp signals directly to the endoderm. To test this hypothesis, we transplanted sox32 mRNA-injected wild-type cells into the margin of hs:dnBmpr1a-GFP zebrafish hosts at 4 hpf and heat shocked the chimeric embryos at 10 hpf. In these analyses, only the donor cells are able to respond to Bmp signaling following heat shock. To our surprise, craniofacial development was fully rescued in these chimeras ( Fig. 3D -D″ compared with A, n=15/16). In these chimeras, wild-type endoderm readily contributed to the endodermal pouches on both sides of the embryo (Fig. 3D ,D″, arrowheads). There was no rescue of craniofacial development in transplants where donor cells failed to populate the endoderm, instead populating mesoderm (Fig. 3C , n=6/6), demonstrating that this effect is not due to some other aspect of the manipulation. In reciprocal transplants, we failed to induce viscerocranial defects in wild-type embryos containing dnBmpr1a-GFP-expressing endoderm donor cells (Fig. 3E -E″, n=23/24). In addition, the dnBmpr1a-GFP-expressing endoderm donor cells were largely excluded from the endodermal pouches, instead populating the medial endoderm (Fig. 3E′ ,E″, arrows). These results suggest that a mechanism exists within the embryo that segregates non-Bmp-responsive cells away from the pouches in the mosaic embryos. Thus, the presence of wild-type, Bmp-responsive endodermal pouch cells is sufficient for proper endoderm and craniofacial development, although determining exactly how many wild-type cells are needed will require much more detailed genetic analyses.
In order to determine the phenotypes of embryos lacking any wild-type endoderm, we transplanted hs:dnBmpr1a-GFP endoderm cells into sox32 mutant hosts. These mutants fail to generate endoderm and lack the viscerocranium, a defect that can be rescued by transplantation of endoderm (David et al., 2002) . In these chimeras, any endoderm present will be from hs:dnBmpr1a-GFP donors and will lack reception of Bmp signaling. Even with extensive donor contributions in host embryos (n=6/6), hs: dnBmpr1a-GFP endoderm does not rescue craniofacial development (Fig. 3F -G′, n=5/6 with any degree of viscerocranial cartilage formation, n=1/6 failed to generate the viscerocranium). Viscerocranial structures that did form show the same malformation as observed in hs:dnBmpr1a-GFP and Dorsomorphin-treated embryos. The embryo displaying the most extensive cartilage is presented in Fig. 3G , as compared with Fig. 3A and Fig. 2B . All embryos failed to form ceratobranchials (n=6/6), with three embryos forming part or all of the Meckel's, palatoquadrate and ceratohyal cartilages. Virtually no viscerocranial structures were formed in three embryos, whereas one embryo formed a single Meckel's cartilage element (data not shown). This suggests that the endoderm requires Bmp signaling autonomously for proper endoderm morphogenesis and subsequent craniofacial development.
Bmp signaling is necessary for proper endoderm morphogenesis
These defects in endoderm morphology could be due to defects in endoderm generation, proliferation/survival or morphogenesis. Bmp signaling is an important regulator of endoderm specification, acting to restrict expression of endoderm initiation factors, in particular sox17 (Poulain et al., 2006) . Therefore, expression of the sox17:dsRed transgene suggests that endoderm is properly specified in Dorsomorphin-treated embryos. Furthermore, we observed no difference in GFP fluorescence in the her5:EGFP transgenic fish line (data not shown). Dorsomorphin-treated embryos express early markers of endoderm, foxa1 and foxa2 (Alexander et al., 1999) , although their expression domains are altered (Fig. 4A-D) . Thus, reduced Bmp signaling does not disrupt early genesis of the endoderm.
The disruption of pouch morphology could be due to a loss of pouch identity. Platelet-derived growth factor ligands pdgfaa and pdgfab label pouches by 30 hpf (Fig. 4E,G) (Eberhart et al., 2008) . Both ligands are expressed in Dorsomorphin-treated embryos (Fig. 4F,H) , although pdgfab expression may be reduced. For both ligands, in Dorsomorphin-treated embryos, pouch morphology is disrupted, consistent with the endoderm morphology observed in the sox17:dsRed transgenic (Fig. 2F-F″) . Collectively, these results show that markers of pouch identity are expressed, but pouch morphology is disrupted when Bmp signaling is blocked from 10-18 hpf.
Elevated cell death or reduced cell proliferation could lead to the morphological defects of the endoderm. Using a TUNEL assay in sox17:dsRed transgenics, we found no increase in the number of apoptotic endoderm cells in Dorsomorphin-treated embryos compared with untreated or DMSO-treated control embryos at either 18 hpf (one-way ANOVA, f=0, P=1) or 26 hpf (one-way ANOVA, f=0.3, P=0.6) (Fig. 5A-F′,M, n=4 embryos) . We did detect an increase in cell death in non-sox17-labeled tissue, which was likely to be in CNCCs as previously described (David et al., 2002) . Similarly, we observed no change in proliferating phosphohistone H3-positive cells at either 18 hpf (one-way ANOVA, f=0.2, P=0.8) or 26 hpf (one-way ANOVA, f=0.1, P=0.8) (Fig. 5G-L′,N,  n=4 embryos) . We used FACS to count the total number of sox17: dsRed-labeled cells to further identify any changes in endoderm cell number. Dorsomorphin treatment did not result in a significant change in the number of sox17:dsRed-labeled cells when compared with untreated and DMSO-treated embryos (Fig. 5O , one-way ANOVA, f=1.8, P=0.2, n=8 samples, 10 embryos per sample). These data suggest that Bmp signaling between 10 and 26 hpf does not play a major role in the production or maintenance of endoderm cells. Overall, this implies that the main role of Bmp signaling to the endoderm is for proper morphogenesis. Endodermal morphogenesis occurs in a segmented fashion, with each new pouch forming posterior to the previous pouch every ∼4 hours (Choe et al., 2013; Choe and Crump, 2014) . To directly analyze pouch morphogenesis we used 4D confocal analysis (McGurk et al., 2014) in sox10:EGFP; sox17:dsRed doubletransgenic embryos. We began the time-lapse analysis at 18 hpf, after Dorsomorphin washout and before morphogenesis of the pouches most sensitive to loss of Bmp signaling. At the initiation of the movie (T0), the first pouch is hypoplastic in the Dorsomorphintreated embryo compared with the control embryo (Fig. 6F ,F′ compared with A,A′, arrows; Movies 1-4). In addition, the CNCC condensations in the first and second pharyngeal arches appear malformed (Fig. 6F,F′ compared with A,A′, arrowheads) . At T0 +2h, the second pouch begins to form in the control embryo (Fig. 6B,B′, arrow) ; concomitantly, the third arch forms (Fig. 6B ,B′, arrowhead) segmenting from the posterior pre-arch condensation. In the Dorsomorphin-treated embryo both processes fail [ Fig. 6G ,G′, arrow (endoderm), arrowhead (CNCC)]. By T0+6h, the third pouch and fourth arch begin to form in the control embryo, but not in the Dorsomorphin-treated embryo [ Fig. 6C ,C′,H,H′, arrow (endoderm), arrowhead (CNCC)]. The segmentation of the pharyngeal structures continues to occur at a regular interval of every ∼4 h in the control embryo (Fig. 6D-E′) (Choe et al., 2013; Choe and Crump, 2014) . In the Dorsomorphin-treated embryo, pouches 2-6 and arches 3-7 fail to properly segment [ Fig. 6I -J′, arrow (endoderm), arrowhead (CNCC)]. Collectively, these results demonstrate that Bmp signaling to the endoderm is required for proper morphogenesis of the pouches and subsequent craniofacial skeleton.
Fgf-dependent pouch segmentation requires Bmp signaling
Similar to Bmp signaling, Fgf signaling to the endoderm is necessary for pouch outgrowth (Choe and Crump, 2014; Crump et al., 2004) . To determine if Bmp signaling is needed for this Fgf response, we analyzed the expression of the Fgf signaling target etv4. Dorsomorphin treatment greatly reduced the overall expression of etv4 (Fig. 7A,B) . Similar results were obtained in heat-shocked dnBmpr1a-GFP embryos (Fig. S5A,B) , ruling out off-target effects of Dorsomorphin on the Fgf pathway. The autonomous requirement of the endoderm for Bmp signaling suggests that it regulates the reception of Fgf signaling. There are five Fgf receptors in zebrafish and fgfr1a and fgfr2 are not expressed before 24 hpf (Larbuisson et al., 2013) . The expression of fgfr1b, fgfr3 and fgfr4 has not been examined. Only fgfr4 is expressed in the pharyngeal tissues and Dorsomorphin treatment reduced its expression ( Fig. 7C-H, arrows) . Expression of fgfr4 is also reduced in sox32 mutants (Fig. S5C,D) , suggesting that the endoderm is required for fgfr4 expression. In addition, fgfr4 is not expressed in pharyngeal tissues before 18 hpf, which is later than expression of the Bmp ligands is observed (Fig. S2I-L) . This suggests that fgfr4 is a target of Bmp signaling in the endoderm.
To determine if Bmp signaling modulates endodermal Fgf signaling kinetics, we used 4D confocal analysis on dusp6:d2GFP transgenics, where a destabilized form of GFP is driven by the promoter of the Fgf target gene dusp6 (Molina et al., 2007) . We created dusp6:d2GFP; sox17:dsRed double transgenics to characterize the endodermal Fgf response beginning at 18 hpf as described above. At initiation of the movie (T0), the first pouch has formed and the Fgf response is low in this mature pouch in the control embryo (Fig. S6A ,A′, Movies 5-7). The presumptive prepouch endoderm, posterior to the first pouch, which will form pouches 2-6, is actively responding to Fgf signaling (Fig. 8A -A″, arrows; magnified view of Fig. S6A-A″) . At this time, the second pouch is beginning to form and segment from this presumptive prepouch endoderm (Fig. 8A-A″, arrows) . At T0+3h, the second pouch has a strong Fgf response and is segmenting from the presumptive pre-pouch endoderm in the control embryo (Fig. 8B-B″, arrows) . Simultaneously, the third pouch is beginning to segment from the presumptive pre-pouch endoderm and a new discrete Fgf response domain is upregulated in this presumptive pouch. As the second pouch matures, the Fgf response is downregulated specifically in endodermal cells (Fig. 8C-C″) . This pattern continues through the rest of the movie. As a new pouch begins to form from the presumptive pre-pouch endoderm, a strong Fgf response is upregulated in the forming pouch. Once the pouch matures, the Fgf response is downregulated specifically in the mature pouch ( Fig. 8D-E″, arrows) . Although the Fgf response is downregulated in mature pouch cells, the Fgf response is maintained in what are likely to be CNCCs (Fig. 8C-E″) . Interestingly, only two forming pouches appear to be actively responding to Fgf signaling at any given time [ Fig. 8C -E″, arrows (active response), arrowheads (reduced response)].
At T0 in the Dorsomorphin-treated embryo, the presumptive prepouch is still responding to Fgf signaling, but the response is substantially reduced (Fig. 8F-F″ , arrows; Movies 8-10). At T0+3h, the Fgf response is still muted and the second pouch has yet to form (Fig. 8G-G″, arrows) . In fact, at all subsequent time points the Fgf response is reduced and the pouches fail to segment properly (Fig. 8F-J″, arrows) . Not until T0+19.67h do the most posterior pouches, presumably 5 and 6, start to segment. This segmentation is poorly orchestrated and the subsequent pouches are severely hypoplastic [ Fig. 8J -J″, arrows (active response), arrowheads (reduced response)]. Expanded views (Fig. S6F -J′ compared with S6A-E′) show that transgene expression is reduced in the pharyngeal arches, whereas other tissues, such as the ear (arrowheads) and brain, have similar expression between control and Dorsomorphin-treated embryos. Even prior to the initiation of the movies, at 14 hpf, we find that the endodermal Fgf response requires Bmp (data not shown). Our results suggest that Bmp signaling to the endoderm is required for establishing an endodermal Fgf signaling response.
If alteration to the Fgf response causes craniofacial defects in Dorsomorphin-treated embryos then we might expect to observe synergistic interactions between the two pathways. To test if Bmp and Fgf signaling interact for proper craniofacial development, we used a suboptimal dose of Dorsomorphin on fgf8a mutant embryos. In our hands, fgf8a mutants have virtually no viscerocranial defects (Fig. 9C ). When treated with 2 µM Dorsomorphin, neither wildtype (WT) nor fgf8a heterozygous (Het) embryos exhibited any viscerocranial defects (Fig. 9B , n=34/34 WT, n=69/69 Het). Dorsomorphin-treated fgf8a mutants have variable viscerocranial defects (Fig. 9D, n=32/32 ). These defects are highly similar to those in 10 µM Dorsomorphin-treated wild-type embryos and heatshocked dnBmpr1a-GFP embryos.
We replicated these results in reciprocal experiments using a suboptimal dose of the Fgf inhibitor SU5402 on our hypomorphic smad5 mutants. Embryos lacking smad5 have shortened Meckel's cartilages that fail to meet at the midline and fusions in the posterior arch cartilages, particularly between the ceratohyals and the first ceratobranchials (Fig. 9G) (Swartz et al., 2011) . When treated with 2.5 µM SU5402 from 10-18 hpf, both wild-type and smad5 heterozygous embryos exhibited only minor defects to the hyomandibular cartilage ( Fig. 9F, arrow; n=15/18 WT, n=29/31 Het). Mutants treated with SU5402 displayed profound viscerocranial defects. Both the Meckel's and ceratohyal cartilages were reduced and had variable fusions to multiple cartilage elements (Fig. 9H , open arrow; n=17/19). Additionally, the number of ceratobranchials was reduced (Fig. 9H) .
To confirm the interaction between the Bmp and Fgf pathways, we created smad5; fgf8a double mutants. Embryos containing at least one wild-type copy of smad5 have no viscerocranial defects ( Fig. 9I ,J n=68/68 and n=23/23, respectively). A single mutant allele of fgf8a did not alter smad5 mutant phenotypes (Fig. 9K,  n=10) . However, smad5; fgf8a double mutants had profound viscerocranial defects that phenocopied the inhibitor analyses above (Fig. 9L, n=6) . This demonstrates that Bmp and Fgf signaling strongly interact for proper craniofacial development.
DISCUSSION
Collectively, our results provide insight into the regulation of endodermal pouch morphogenesis and subsequent craniofacial development. We show that reception of Bmp signaling by the endoderm is necessary for proper segmentation of the pouches. Through inhibitor and genetic analyses, we demonstrate that Bmp and Fgf signaling synergistically interact in craniofacial development, and loss of Bmp signaling results in reduced Fgf signaling in the endoderm. Overall, we propose that Bmp signaling is required for the endoderm to properly respond to Fgf signaling for endoderm morphogenesis and subsequent craniofacial development.
Bmp signaling regulates endoderm and craniofacial development
The Bmp pathway plays key roles in morphogenesis and development of the endoderm and CNCCs Davis et al., 2004; Miura et al., 2010; Paca et al., 2012; Poulain et al., 2006; Tiso et al., 2002; Yamamoto et al., 2009; Zuniga et al., 2011 ). Although we have gained a better understanding of the role of Bmp in CNCC development, how Bmp signaling regulates endoderm development remains poorly understood. Previous work, using EGFP driven by a BRE, showed that both the endoderm and CNCCs are Bmp responsive during pharyngeal arch development . Our approach utilizing a BRE driving a destabilized form of GFP (Collery and Link, 2011) demonstrated that the endoderm and CNCCs receive Bmp signaling during different time windows, with the endoderm being Bmp responsive prior to the CNCCs. This Bmp response is highly dynamic, occurring in the prepouch endoderm and being rapidly downregulated in mature pouches. Blocking Bmp signaling with Dorsomorphin during this endoderm Bmp-response window resulted in severe defects in both endoderm and craniofacial morphology. Our results demonstrate that Bmp signaling is necessary for endoderm and craniofacial development, prior to the role of Bmp signaling in CNCCs.
The endoderm must receive Bmp signaling for proper craniofacial development
The complete overlap in timing of the BRE response and Dorsomorphin sensitivity suggests that the endoderm is a direct target of Bmp signaling. Analysis of genetic chimeras confirmed that Bmp signals directly to the endoderm for proper endoderm and craniofacial development. Surprisingly, transplanting wild-type, Bmp-responsive endoderm cells into hs:dnBmpr1a-GFP embryos fully rescued craniofacial development. Consistent with the prepouch showing an active Bmp response, these wild-type cells efficiently populate the endodermal pouch, suggesting that, in the chimeras, cells able to respond to Bmp populate the pouches. Consistent with this model, reciprocal transplants did not result in craniofacial defects and the hs:dnBmpr1a-GFP cells were largely excluded from the pouch. By contrast, hs:dnBmpr1a-GFP donor cells transplanted into sox32 mutant hosts did cause craniofacial defects similar to those seen in both hs:dnBmpr1a-GFP and Dorsomorphin-treated embryos. This suggests that as long as a subpopulation of endoderm cells are Bmp responsive then normal craniofacial development will proceed, although determining the precise number and location of cells needed requires more detailed analyses. Recently, both Wnt/PCP and Eph/Ephrin signaling have been shown to play important roles in cellular interactions underlying pouch morphogenesis (Choe et al., 2013; Choe and Crump, 2015) . It is possible that Bmp signaling might interact with one or both pathways in this process.
Previous work has shown that Bmp signaling is required for dorsal/ventral patterning of the pharyngeal arches . In these analyses, CNCC patterning within the arches, measured by msxe (msx1a -Zebrafish Information Network), dlx3b and hand2 expression, was restored by transplantation of wild-type CNCCs, although the subsequent craniofacial morphology was not examined. Our work shows that Bmp signaling to the endoderm is necessary for endoderm morphogenesis and subsequent skeletal development. Thus, a complex series of Bmp signaling events is necessary for proper craniofacial development.
Bmp signaling interacts with Fgf signaling for proper endoderm development
Bmp signaling has been shown to be important for multiple stages of endoderm development (Davis et al., 2004; Miura et al., 2010; Paca et al., 2012; Poulain et al., 2006; Tiso et al., 2002; Yamamoto et al., 2009) . We have found profound defects in endoderm pouch morphogenesis when Bmp signaling is attenuated. In addition, we observed altered expression domains of early endoderm and pouch markers. These later defects were observed after endoderm morphogenesis had failed. These results are consistent with a model in which Bmp signaling drives endoderm morphogenesis, yet we cannot rule out a primary defect in endoderm patterning or specification. In mouse, Bmp signaling plays a role in morphogenesis of the definitive endoderm and anterior visceral endoderm, although the mechanism is poorly understood (Davis et al., 2004) . It will also be of interest to determine if the function of Bmp in pouch morphogenesis is conserved across vertebrates.
Endodermal pouches are crucial in CNCC morphogenesis, patterning and survival, and loss of the pouches results in severe defects to the craniofacial skeleton (Choe et al., 2013; Choe and Crump, 2014; Crump et al., 2004; Piotrowski and Nüsslein-Volhard, 2000; Swartz et al., 2012) . As a result of Bmp signaling loss, pouch outpocketing fails. Pouch outpocketing relies on a multistep process, with Fgf signaling acting as a migratory cue during pouch outgrowth (Choe et al., 2013; Choe and Crump, 2014) . The pouch defects we observed are reminiscent of phenotypes in embryos with the combined loss of fgf3 and fgf8a (Crump et al., 2004) , consistent with the reduction of the Fgf response in the endoderm that we observe. The Bmp and Fgf signaling pathways are known to interact in multiple tissues during development, including the endoderm (Huang et al., 2009; PajniUnderwood et al., 2007; Poulain et al., 2006; Yoon et al., 2006; Shin et al., 2007; Wilson and Tucker, 2004) . Here, we show that Bmp and Fgf signaling interact during pouch morphogenesis.
How does Bmp signaling regulate this Fgf-dependent pouch morphogenesis? Bmp could regulate the expression of tbx1 since the Bmp antagonist chordin is a genetic modifier of Tbx1 in craniofacial malformations in mouse (Choi and Klingensmith, 2009). However, this is unlikely because pouch morphogenesis and Fgf ligand expression are dependent on mesodermally derived tbx1 (Choe and Crump, 2014) . In addition, the fgf3 and fgf8a ligands are expressed from the ectoderm and mesoderm, respectively (Crump et al., 2004) . Given our finding that Bmp signals directly to the endoderm, it is unlikely that altering the expression of these ligands is involved in the endoderm defects we have characterized. Indeed, when we disrupt Bmp signaling, we did not see any change in expression of fgf3 or fgf8a during pouch morphogenesis (data not shown). The endoderm also expresses tbx1, but this is an unlikely target since tbx1 regulates endoderm proliferation, which appears unaltered in our work (Xu et al., 2005) .
Bmp signaling may regulate the Fgf response directly and recent work has shown that fgfr1a and fgfr2 in the endoderm are important in craniofacial development (Larbuisson et al., 2013) . However, neither receptor is expressed until at least 24 hpf, after our time window of Bmp dependence. The other Fgf receptors, namely fgfr1b, fgfr3 and fgfr4, are potential targets of Bmp signaling and we showed that fgfr4 is expressed in the pharyngeal arches and is downregulated when Bmp signaling is blocked. This suggests that Bmp signaling regulates the Fgf response directly through fgfr4.
It is also possible that Bmp signaling might regulate fgfr4 expression indirectly. Retinoic acid (RA) signaling from the mesoderm is necessary for pouch formation (Graham et al., 2005) . It is possible that Bmp signaling regulates the expression of RA receptors in the endoderm, which would then regulate fgfr4 expression (Song et al., 2004) . Alternatively, Bmp signaling in the endoderm might regulate mesodermal RA expression. It is also possible that Bmp signaling to the endoderm might regulate CNCC gene targets that then regulate endodermal Fgf signaling (TiroshFinkel et al., 2010) .
Previous work in zebrafish has shown that the mesodermally expressed chemokines sdf1a and sdf1b (cxcl12a and cxcl12b -Zebrafish Information Network) regulate endodermal cell movements through the receptor cxcr4 (Mizoguchi et al., 2008) . In the mouse digit, Bmp signaling upregulates Sdf1a expression (Lee et al., 2013) . In zebrafish eye development, Bmp signaling represses expression of the chemokine receptor cxcr4a (Bielen and Houart, 2012) . Thus, loss of Bmp signaling could result in an upregulation of chemokine signaling, which could reduce Fgf signaling, as chemokine signaling can negatively regulate Fgf signaling (Bouzaffour et al., 2009; Presta et al., 1998; Spinetti et al., 2001) . In this scenario, chemokine signaling could disrupt endoderm morphogenesis by both acting as a guidance cue and inhibiting Fgf signaling. Future work would be required to address these possibilities. In conclusion, we have shown that Bmp signals directly to the endoderm for proper morphogenesis of the pouches and subsequent craniofacial development. Our work demonstrates that Bmp signaling regulates pouch development through interactions with the Fgf pathway. This provides a foundation for future examinations of endoderm development and its role in craniofacial development, as well as the role of Bmp signaling in these processes.
MATERIALS AND METHODS

Zebrafish (Danio rerio) care and use
Zebrafish embryos were raised and cared for using established protocols (Westerfield, 1993) with IACUC approval at the University of Texas at Austin. Adult fish were maintained at 28.5°C with a 14/10 h light/dark cycle. Embryos were morphologically staged according to Kimmel et al. (1995) . All mutant and transgenic alleles have been described previously (Table S1 ). Heat shocks were performed at 39°C for 1 h starting at 10 hpf. Embryos were treated with either 2 or 10 µM Dorsomorphin (Tocris) (Yu et al., 2008) or 2.5 µM SU5402 (Tocris) (Reifers et al., 2000) dissolved in 100% DMSO during the windows indicated in Fig. 2 .
Tissue and embryo labeling
Embryos were stained with Alcian Blue for cartilage and Alizarin Red for bone (Walker and Kimmel, 2007) . Whole-mount TUNEL staining of embryos was modified from Yabu et al. (2001) using the TUNEL assay (Roche). Dechorinated embryos were fixed overnight in 4% paraformaldehyde in PBS at 4°C. Samples were washed twice in 1 ml PBS with 0.25% Tween 20 (PBT) and then dehydrated in methanol. Samples were rehydrated in PBT and treated with 1 ml proteinase K (10 µg/ml in PBT) at room temperature for 1 min. Samples were washed four times with PBT for 5 min each and incubated in 50 µl of 1:10 Enzyme +Fluorescein Label solution (Roche) in the dark at 37°C for 2 h. The reaction was stopped by washing the samples twice in 1 ml PBT. Antibody labeling was performed as reported (McCarthy et al., 2013) . Primary antibodies were diluted 1/200: anti-active Caspase 3 (G748A, Promega); Living Colors DsRed polyclonal antibody (632496, Clontech); monoclonal anti-phospho-Histone H3 antibody (H6409, Sigma-Aldrich). Secondary antibodies were diluted 1/500: Alexa Fluor 488, 568 anti-rabbit IgG (A10042, Invitrogen).
RNA injection and in situ hybridization
We injected one-cell stage embryos with ∼3 nl sox32 mRNA made using the mMESSAGE mMACHINE Kit (Ambion). Stock solutions (1000 µg/ml) were diluted 1:5 with water and Alexa 568 dextran (Invitrogen). Genetic chimeras were generated at 4 hpf as previously described (Eberhart et al., 2008) . RNA in situ hybridization was performed as previously described (Miller et al., 2000) . Table S2 lists all probes used.
Image capture and processing
Confocal z-stacks and movies were collected on a Zeiss LSM 710. Surface renderings were created using Imaris (Bitplane). Bright-field images of cartilage stains and DIC images of RNA in situ hybridizations were collected on a Zeiss Axioimager. Images were processed in Photoshop Elements 11 (Adobe).
Flow cytometry analysis
Embryos (ten per sample) were dissociated in 1 mg/ml collagenase D (Roche) in Hank's Balanced Salt Solution (HBSS; Thermo Scientific). Dissociated cells were filtered through a 40 µm mesh filter. 50,000 events per sample were assayed on an LSRII Fortessa FCM (BD Biosciences) and the data were analyzed using FlowJo software (Tree Star). Statistical analyses were performed using a one-way ANOVA with a Tukey's multiple comparisons test in Prism 5.02 (Graphpad).
